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FOREWORD 

This repor t  descr ibes  ana ly t i ca l  and experimental simulations of 

s t r u c t u r a l  responses associated with hydraul ic  f r ac tu r ing  operat ions i n  

rock media. The work w a s  sponsored by Sandia Laboratories,  ERDA under 

Contract No. 63-4997 and w a s  performed i n  conjunction with s t a f f  from 

the  Morgantown Energy Research Center. M r .  H. H. Pa t te rson  served as 

Technical Monitor f o r  Sandia with technica l  consul ta t ion  provided by 

M r .  Richard Hay and M r .  Jack Hinde. 

The work presented herein includes (1) a state-of-the-art  l i t e r a t u r e  

survey of hydraulic f r ac tu r ing ,  rock mechanics and f r a c t u r e  mechanics, 

(2) r e s u l t s  of c l a s s i c a l  e las t ic i ty ,  crack t i p  and f i n i t e  element 2D and 

3D stress evaluat ions,  (3) experimental s tud ie s ,  and ( 4 )  appl ica t ions  

r e l a t i n g  t o  determination of c r i t i c a l  pressures  and o r i en ta t ions  i n  terms 

of crack geometry, material proper t ies  and pr imi t ive  stresses. 

This study w a s  performed by West Virginia  Universi ty ,  Morgantown, 

West Virg in ia  with D r .  Sunder H. Advani serving as P r inc ipa l  Inves t iga tor .  

D r .  Hota V.S. GangaRao and D r .  L. Zane Shuck served as Co-investigators. 

Experimental contr ibut ions t o  t h i s  program were made by M r .  James Heavner, 

M r .  Tom Keech, and D r .  Rex Haynes under the  d i r ec t ion  of D r .  L. Zane Shuck.. 

i. 
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1.0  INTRODUCTION 

1 

Hydrof r a c t u r i n g  techniques,  introduced by Clark (1) i n  1948 , have 

g r e a t l y  enhanced t h e  recovery of o i l  and gas  reserves. 

t i o n s  of t h i s  method, i n  a d d i t i o n  t o  recovery of o i l  and gas  from rock/ 

s h a l e  formations,  are i n  t h e  areas of underground c o a l  g a s i f i c a t i o n  (UCG), 

e x t r a c t i o n  of methane, geothermal energy, s o l u t i o n  mining, and radio-  

a c t i v e  o r  s l u r r y  waste d i s p o s a l .  

Current appl ica-  

I n t e r p r e t a t i o n  of t h e  hydrofractur ing mechanisms and eva lua t ion  of 

t h e  process parameters involve mul t i -d isc ip l ine  methodol.ogies. A c r o s s  

f e r t i l i z a t i o n  of s e v e r a l  d i s c i p l i n e s  such a s  geology, petroleum engineer ing,  

s o l i d  and f l u i d  mechanics, and instrumentat ion i s  involved f o r  ob ta in ing  

a b l u e p r i n t  c h a r a c t e r i z a t i o n  of t h e  hydraul ic  f r a c t u r i n g  process .  The 

medium t o  be f r a c t u r e d  g e n e r a l l y  c o n s i s t s  of a n i s o t r o p i c  l a y e r s  of f l u i d  

f i l l e d  rocks subjected t o  t e c t o n i c  and overburden stress f i e l d s  (pr imi t ive  

s t r e s s e s ) .  Numerous i l l -def  ined v a r i a b l e s  such as n a t u r a l  f r a c t u r e  systems 

and material inhomogenities c o n t r i b u t e  t o  t h e  s t r u c t u r a l  and c o n s t i t u t i v e  

complexi t ies .  Charac te r iza t ion  of t h e  geologica l  formations i s  a necessary 

pre- requis i te .  The Wagon Wheel P r o j e c t  s t u d i e s  (2), f o r  example, provide 

t y p i c a l  cons idera t ions  of l o c a l  geology, s t r a t i g r a p h y ,  f a u l t i n g  and s i t e  

s e l e c t i o n .  

t h i s  s tudy.  

Figure 1 i l l u s t r a t e s  a r e p r e s e n t a t i v e  s t r u c t u r a l  form f o r  

The following sub-sections d e s c r i b e  t h e  hydraul ic  f r a c t u r i n g  process  

wi th  p a r t i c u l a r  emphasis on concepts  of rock mechanics and f r a c t u r e  me- 

chanics .  A state-of- the-ar t  l i t e r a t u r e  survey is a l s o  given. 
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1.1 HYDRAULIC FRACTURING PROCESS AND MECHANISMS 

The gene ra l  process  of hydrau l i c  f r a c t u r i n g  i s  w e l l  documented (3 )  

and s a l i e n t  f e a t u r e s  of t h i s  methodology ( 4 )  are reviewed he re .  A t y p i c a l  

w e l l  d r i l l i n g  and completion process  may involve d r i l l i n g  a ho le  6" t o  20" 

i n  diameter (depending on depth)  t o  t h e  top of a n  o i l / g a s  bear ing formation 

and p l ac ing  a steel cas ing  i n  t h e  hole .  

through t h e  cas ing  u n t i l  i t  flows around t h e  o u t s i d e  of t h e  c a s i n g  back t o  

t h e  su r face .  

t o  some depth.  An open w e l l  b o r e  completion i s  i l l u s t r a t e d  i n  F igu re  2 .  

A f r a c t u r i n g  f l u i d  is then i n j e c t e d  t o  b u i l d  up p r e s s u r e  i n  t h e  wel lbore 

u n t i l  t h e  stress and/or energy th re sho ld  l e v e l s  exceed t h e  corresponding 

v a l u e s  of t h e  formation and f r a c t u r e s  propagate  from t h e  wel lbore.  Fre- 

quent ly ,  t h e  f r a c t u r e s  emanate from d i a m e t r i c a l l y  opposed l o c a t i o n s  and 

l e a v e  t h e  we l lbo re  v e r t i c a l l y  with t h e  c r a c k  propagat ion d i r e c t i o n  p a r a l l e l  

t o  t h e  l a r g e r  t e c t o n i c  stress (Figure 3). 

c l i n a t i o n s  wi th  t h e  wel lbore depend on t h e  stress f i e l d ,  material p r o p e r t i e s  

and f l u i d  f low e f f e c t s  ( inf luenced by p o r o s i t y ,  pe rmeab i l i t y  and n a t u r a l  

f r a c t u r e  systems).  (Figure 4 )  

Then a cement s l u r r y  i s  fo rced  

The h o l e  i s  then d r i l l e d  through t h e  o i l / g a s  bear ing formation 

Various p o s s i b l e  f r a c t u r e  in-  

Following t h e  i n i t i a l  formation breakdown, v a r i o u s  i n j e c t i o n  rates 

and f l u i d s  are used t o  extend t h e  f r a c t u r e s .  A t  s u f f i c i e n t l y  high f low 

rates, sand o r  o t h e r  material i s  added t o  prop open t h e  f r a c t u r e s  t o  pre- 

vent  t h e i r  c l o s i n g  when t h e  w e l l  i s  open a t  t h e  s u r f a c e  and allowed t o  back- 

flow. F r a c t u r e  extension i s  performed i n  v a r i o u s  s t a g e s ,  rates, and t ime 

i n t e r v a l s  between s t a g e s ,  and s e v e r a l  phases need c o n s i d e r a t i o n  during 

hydrau l i c  f r a c t u r e  ope ra t ions .  These bas i c  phases are: 
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F I GURE 2. TYPICAL ' '  OPEN-HOLE" WELL COMPLETION 
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PLAN VIEW 

(a) 

ELEVATION VIEW 

PLAN VIEW 

(b) 

ELEVATION VIEW 

PLAN VIEW 

(d 

ELEVATION VIEW 

Hor izonta l  f rac tu res  I n c l i n e d  f rac tu res  V e r t i c a l  f r a c t u r e s  

FIGURE 4 ,  TOPOLOGI ES OF HYDRAUL I C FRAC’IHJRE OF GEOLOGI CAL FORMAT IONS 
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a. 

b. 

C.  

d. 

e. 

f .  

g. 

h. 

i. 

P r i m i t i v e  stress f i e l d  ( t e c t o n i c  and overburden) i n  t h e  formation wi th  
corresponding f l u i d  pore p r e s s u r e  p r i o r  t o  w e l l  d r i l l i n g .  

S t a t i c  s ta te  of stress i n  t h e  formation around t h e  wel lbore and v i c i n i t y  
a f t e r  t h e  w e l l  is d r i l l e d  wi th  n e g l i g i b l e  f luid-f low e f f e c t s .  

Dynamic stress r e d i s t r i b u t i o n  around t h e  wel lbore and f i e l d  during pres- 
s u r e  build-up from i n j e c t i o n  of f l u i d s .  

Transient  stress d i s t r i b u t i o n  a t  t h e  wel lbore and i n  t h e  formation p r i o r  
t o  and during f r a c t u r e  i n i t i a t i o n .  

Trans ien t  stress r e d i s t r i b u t i o n  throughout t h e  r e s e r v o i r  a f t e r  i n i t i a l  
f r a c t u r e s  have ceased t o  propagate and wi th  no f u r t h e r  f l u i d  i n j e c t i o n .  

Quasi-static stress d i s t r i b u t i o n  a f t e r  i n i t i a l  f r a c t u r e  and a f te r  sub- 
s t a n t i a l  f l u i d  c i r c u l a t i o n  and formation stress r e l a x a t i o n .  

Dynamic stress r e d i s t r i b u t i o n  throughout t h e  f i e l d  a f t e r  f u r t h e r  pressure  
build-up through f l u i d  i n j e c t i o n  i n  f r a c t u r e  extension s t a g e s .  

Transient  l o c a l  and f a r  f i e l d  stress r e d i s t r i b u t i o n  during f r a c t u r e  
extension.  

Repet i t ion  of phases f ,  g ,  and h. 

Most of t h e  research  work has  been confined t o  a n a l y s i s  of phases (b)  

( f ) .  A comprehensive eva lua t ion  of t h e  l o c a l  (wellbore) and f i e l d  stresses 

(away from wellbore)  i s  warranted s i n c e  f r a c t u r e  i n i t i a t i o n  and extension 

are s t a b i l i t y  problems. The d i r e c t i o n  of f r a c t u r e  growth, from an  energy 

viewpoint,  i s  a func t ion  of t h e  c r a c k  l e n g t h  and imposed stress f i e l d s .  

Hence, t h e  f r a c t u r e  may go along a d i r e c t i o n  from t h e  wel lbore f o r  a s h o r t  

d i s t a n c e  and assume a d i f f e r e n t  d i r e c t i o n  f u r t h e r  ou t  depending on t h e  pre- 

v a i l i n g  stress condi t ions  and material p r o p e r t i e s .  

The e a r l y  l i t e r a t u r e  mostly d e a l s  with t h e  wel lbore a n a l y s i s  of t h e  

s ta te  of stress (Hubbert and W i l l i s  (5 ) ,  Zhel to  and Khris tanovich (61, 

Dunlap (7,8), and F a i r h u r s t  ( 9 ) ) .  I n v e s t i g a t i o n  of t e c t o n i c  stresses, from 

hydraul ic  f r a c t u r i n g  d a t a ,  has  been considered by Scheidegger (10) and 

Kehle (11). More r e c e n t  papers have d e a l t  with t h e  e f f e c t s  of f l u i d  flow, 
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f r a c t u r e  i n i t i a t i o n  and extension (Haimison and F a i r h u r s t  (12,13,14),  

Daneshy (15,16,17,18), Shuck and Advani (4) ,  McClain (19),  Wong and 

Farmer (20) ,  Se th  and Gray (21,22) and Lemon and P a t e 1  (23).  

1 . 2  ROCK MECHANICS AND FRACTURE CRITERIA 

The bibl iography i n  t h e  areas of rock mechanics i s  v a s t .  However, rel- 

a t i v e l y  few a t tempts  have been made t o  i n t e g r a t e  f r a c t u r e  c r i t e r i a  ( G r i f f i t h /  

Stress Intensi tyIEnergy Density) with r e l a t e d  rock mechanics problems. A 

review of b a s i c  cons idera t ions  d e a l i n g  with rock p r o p e r t i e s  and s t r u c t u r e s  

can be found i n  textbooks by Obert and Duvall (24) ,  Dreyer (25) ,  and Jaeger  

(26). 

t o  Pro to  dyakanov and Koifman (27) ,  American Society of Test ing Materials 

( 2 8 ) ,  Schock, et  a1 (29,30,31). There are numerous i n v e s t i g a t i o n s  of s ta t ic  

stress d i s t r i b u t i o n s  i n  rock s t r u c t u r e s  wi th  cavities. Classical e l a s t i c i t y  

and f i n i t e  element method approaches have been used t o  o b t a i n  stress con- 

c e n t r a t i o n s  (Blake (32) ,  Chugh and Hardy (33) and Barla (34,351. 

Spec ia l ized  monographs on t h e  mechanical p r o p e r t i e s  of rock are due 

The earliest r igorous  formulat ion of f r a c t u r e  cr i ter ia  is due t o  

G r i f f i t h  (36). Bas ica l ly  G r i f f i t h  proposed t h a t  i f  a s t a t i o n a r y  c rack  

(-a 5 x 5 a ,  y=o, i n f i n i t e l y  long i n  t h e  2 d i r e c t i o n )  e x i s t s  i n  t h e  i n t e r i o r  

of an  i n f i n i t e  e las t ic  body subjec ted  t o  an i n t e r n a l  pressure  p(x) (p(x) = 

p(-x)), then t h e  G r i f f i t h  C r i t e r i o n  f o r  crack extension is t h a t  t h e  t o t a l  

energy of t h e  system should be a minimum, i . e .  , a V / a a  = 0 (V being t h e  

d i f f e r e n c e  between t h e  s t r a i n  energy and t h e  s u r f a c e  energy).  

and Orowan (38) extended t h e  o r i g i n a l  G r i f f i t h  cr i ter ia  so t h a t  i t  could 

inc lude  p l a s t i c  energy d i s s i p a t i o n  occurr ing i n  t h e  v i c i n i t y  of t h e  c rack  

t i p .  

from theory of e l a s t i c i t y  cons idera t ions  by u s e  of complex v a r i a b l e  mapping 

Irwin (37) 

The equat ions used i n  l i n e a r  f r a c t u r e  mechanics can u s u a l l y  be obtained 
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(two dimensional problems) and p o t e n t i a l  func t ion  methods ( t h r e e  dimensional 

problems). 

of t h e  stress i n t e n s i t y  f a c t o r s  and l o c a l  coord ina tes .  

f a c t o r s  are a l s o  r e l a t e d  t o  t h e  s t r a i n  energy release rate. 

t h r e e  modes of c rack  t i p  deformation occur ,  namely, t h e  crack opening mode 

(mode I),  t h e  c rack  s l i d i n g  mode (mode II), and t h e  c rack  t e a r i n g  mode 

(mode 111) ( 3 9 ) .  

The l o c a l  stresses, using t h i s  approach, are expressed i n  terms 

The stress i n t e n s i t y  

I n  genera l ,  

I n  l i e u  of t h e o r e t i c a l  s o l u t i o n s  t o  f r a c t u r e  mechanics problems, t h e  

f i n i t e  element modeling technique i s  a powerful t o o l  f o r  f r a c t u r e  a n a l y s i s  

f o r  two and t h r e e  dimensional problems ( 4 0 ) .  With v a r i a b l e  geometry, 

material p r o p e r t i e s ,  and boundary condi t ions ,  t h e  f i n i t e  element method 

can provide a c c u r a t e  l o c a l  and f a r  f i e l d  stresses by opt imizing element 

arrangement and technique. 

f i n i t e  element method compare favorably wi th  exact e l a s t i c i t y  s o l u t i o n s .  

Stress i n t e n s i t y  f a c t o r s  c a l c u l a t e d  by t h e  
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2.0 ANALYTICAL METHODS AND RESULTS 

A comprehensive review of a n a l y t i c a l  techniques and exact  s o l u t i o n s  

f o r  two dimensional and t h r e e  dimensional c r a c k  problems can be found i n  

S i h  and Liebowitz ( 3 9 ) ,  S i h  (41),  and t h e  Handbook of S t r e s q  I n t e n s i t y  

Fac to r s  ( 4 2 ) .  F i n i t e  element methods f o r  t h e  c a l c u l a t i o n  of stress in- 

t e n s i t y  f a c t o r s  have been d i scussed  by Hi l ton  and S ih  ( 4 3 ) ,  Wilson ( 4 4 ) 5  

and Marcal (45). The fol lowing subsec t ions  d e t a i l  a n a l y t i c a l  methods 

and r e s u l t s  f o r  two and t h r e e  dimensional models r e p r e s e n t i n g  f i e l d  

hydrau l i c  f r a c t u r i n g  ope ra t ions .  P a r t i c u l a r  a t t e n t i o n  i s  paid t o  t h e  

i n c l u s i o n  of f r a c t u r e  c r i t e r i a  f o r  computing c r i t i c a l  p r e s s u r e s  and 

f r a c t u r e  o r i e n t a t i o n s  i n  terms of c r a c k  l e n g t h s  and i n i t i a l  o r i e n t a t i o n s .  

S t r e s s  contours  a long with computed stress i n t e n s i t y  f a c t o r s  are a l s o  

presented.  

2 . 1  EXACT ELASTICITY THEORY RESULTS 

Two and t h r e e  dimensional e l a s t i c i t y  theory f i e l d  s o l u t i o n s ,  f o r  

t h e  r e s e r v o i r  problems def ined i n  F igu re  5, have been r e p o r t e d  by Shuck 

and Advani ( 4 ) .  

For two di i iensional  c r a c k  t i p  modeling, t h e  c r i t i c a l  i n t e r n a l  p r e s s u r e  

necessary t o  extend a c rack  of l e n g t h  2a i s  governed by t h e  p l ane  s t ra in  

r e l a t i o n  ( 4 6 )  
I 

where Y is t h e  s u r f a c e  t ens ion  ( m a t e r i a l  p r o p e r t y ) ,  E i s  t h e  e las t ic  

modulus of t h e  material and v is  t h e  Po i s son ' s  r a t i o  of t h e  material. 
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1 2  

For p l a n e  stress, t h e  corresponding r e l a t i o n  i s  

The c r i t i c a l  p r e s s u r e  f o r  a f l a t  e l l i p t i c a l  c r a c k  (major a x i s  2a, 

minor axis 2b) i n  a t h r e e  dimensional medium has  been obta ined  by Kassir 

and S ih  (47) t o  be  g iven  by I 

2 2 2 2  where k' = 1 - k = b /a 

and E(k),  K(k) are complete e l l i p t i c  i n t e g r a l s  of t h e  f i r s t  and second k ind .  

The penny shaped c r a c k  ( a  = b) i s  a s p e c i a l  case of equa t ion  ( 3 ) .  The 

corresponding c r i t i ca l  p r e s s u r e  i s  
I 

=; 

2 Qd ( I -  lP) 
( 4 )  

I n  t h e  above equa t ions ,  t h e  s u r f a c e  energy y c a n  a l s o  be  de f ined  i n  

terms of c r i t i c a l  stress i n t e n s i t y  f a c t o r s .  

t e n s i t y  f a c t o r s  and t h e  i n f l u e n c e  of boundary c o n d i t i o n s  are g iven  

w i t h  numerical  r e s u l t s  i n  t h e  fo l lowing  subsec t ions .  

Cons ide ra t ions  of stress in -  
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2 . 1 . 1  TWO DIMENSIONAL MODELING 

The i d e a l i z e d  two dimensional model, shown i n  F igure  6 ,  i s  subjected 

t o  i n t e r n a l  pressure  p and t e c t o n i c  stresses (J and CJ 

and t h e  i n i t i a l  major t e c t o n i c  stress a, a x i s  are assumed t o  be i n c l i n e d  

a t  an a n g l e  B .  

t h e  combined stress f i e l d  can be shown t o  be (39).  

The c rack  a x i s  1 2'  

The t o t a l  stress i n t e n s i t y  f a c t o r s  5, 5 and 3 due t o  

4 = ( P +  q..&%p +q&>)Ta 

(5) 

The s t r a i n  energy d e n s i t y  i s  r e l a t e d  t o  t h e  stress i n t e n s i t y  f a c t o r s  

by (39) 

S u b s t i t u t i o n  of equat ions (5) and ( 6 )  y i e l d s  
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a,- . -  - 
L 

--c 
c- 

--c 

4 t t t t t t f t t t t t 
4 

CT, = 1200 PSI (Comp) 

= 700 PSI (Comp) 

0;: P 

Figure 6 .  Two Dimensional Model with Incl ined Crack and 
Tectonic S t resses .  
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Equation ( 7 )  is t h e  s t r a i n  energy d e n s i t y  r e l a t i o n  i n  terns of t h e  

l o c a l  c r a c k  t i p  angular  coord ina te ,  i n t e r n a l  p re s su re ,  c r ack  l e n g t h  and 

i n c l i n a t i o n ,  t e c t o n i c  stresses , and material p r o p e r t i e s  . 
For c rack  i n i t i a t i o n ,  w e  have 

Equation (8) y i e l d s  t h e  f r a c t u r e  d i r e c t i o n  8 f o r  s p e c i f i e d  P, al, a 2 >  

and 6. For s t a b l e  c rack  growth w e  have 



TID 27,649 
West Vi rg in i a  Univ. 
November 1975 

1 6  

The above problem formulat ion,  r e q u i r e s  determinat ion of t h e  

c r i t i c a l  i n t e r n a l  pressure(Pcrit ical ) f o r  s p e c i f i e d  material cons tan ts .  

( E , v ) ,  i n c l i n a t i o n  6, t e c t o n i c  stresses ul and cr 

energy d e n s i t y  S . 
from t h e  r e l a t i o n  

and c r i t i c a l  s t r a i n  

The c r i t i c a l  s t r a i n  energy d e n s i t y  can be computed 

2'  

C 

2 t  

where K 

mental  tests on sandstone. 

i s  t h e  c r i t i c a l  stress i n t e n s i t y  f a c t o r  determined from experi-  
C 

The fol lowing cons tan ts  a r e  s e l e c t e d  f o r  t h i s  problem 

K~ = 2000 p s i  K n  

E = 4.25 x 10 p s i  

v = 0.22 

1 2 

6 

o = -1200 p s i  and u = -700 p s i  

The material c o n s t a n t s  chosen above y i e l d  S = . lo2  l b / i n .  

Figure 7 i l l u s t r a t e s  P as a f u n c t i o n  of 6 f o r  d i f f e r e n t  

C 

c r i t i c a l  

va lues  of a ( i n  inches) .  The c r i t i c a l  p ressure  i s  obtained by s e t t i n g  

S = S i n  equat ion (7 )  and using equat ion (8) t o  y i e l d  8 wi th  condi t ion  ( 9 )  

s a t i s f i e d .  Since S i s  a quadra t ic  f u n c t i o n  of p i n  equat ion (7) ,  two r o o t s  

of c r i t i c a l  p ressure  can y i e l d  t h e  same v a l u e  of S f o r  f i x e d  8. However, 

t h e  r o o t  corresponding t o  an  increas ing  v a l u e  of S with increas ing  p i s  

selected from physical  cons idera t ions .  Figure 7 a l s o  shows t h e  i n t e r -  

a c t i o n s  of mode I and mode I1 f o r  d i f f e r e n t  v a l u e s  of 6 .  A s  expected, 

t h e  t e a r i n g  mode has  t h e  l a r g e s t  s i g n i f i c a n c e  f o r  v a l u e s  of B c l o s e  t o  

45'. 

C 

C 

F igure  8 r e v e a l s  t h e  f r a c t u r e  propagation pa th  as a f u n c t i o n  of 8. 
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P 
Figure 7. C r i t i c a l  Pressure Versus I n c l i n a t i o n  f3 f o r  Two Dimensional 

Model wi th  Various Crack Half Lengths. 
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The foregoing r e s u l t s  f o r  t h e  model can be modified t o  inc lude  any 

c rack  p r e s s u r e  d i s t r i b u t i o n .  For example, i f  t h e  p r e s s u r e  d i s t r i b u t i o n  

i n  t h e  c r a c k  due t o  f l u i d  f low e f f e c t s  i s  given by 

then t h e  corresponding stress i n t e n s i t y  f a c t o r s  i n  equa t ion ( s )  w i l l  be  

R j '  0 
w h e r e r ( r Y ) i s  a Gamma Function. The a n a l y s i s  of t h e  problem is  t h e r e f o r e  

i d e n t i c a l  t o  before .  

The two dimensional modeling a n a l y s i s  d i scussed  h e r e  i s  a p p l i c a b l e  t o  

a wide v a r i e t y  of hydrau l i c  f r a c t u r i n g  c o n d i t i o n s  such as d i f f e r e n t  p r e s s u r e  

p r o f i l e s ,  d i f f e r e n t  v a l u e s  of t e c t o n i c  stresses, and c r a c k  conf igu ra t ion .  The 

fundamental i d e a s  can be  e a s i l y  extended t o  t h r e e  dimensional modeling. 

2 . 1 . 2  THREE DIMENSIONAL MODELING 

AS i n d i c a t e d  above, t h e  two dimensional modeling a n a l y s i s  provides  

b a s i c  g u i d e l i n e s  f o r  t h e  t h r e e  dimensional model formulat ion and s o l u t i o n .  

Re fe r r ing  t o  F igu re  9 ,  w i th  t h e  c r a c k  i n  t h e  xz plane,  t h e  overburden 

stress CI and t h e  t e c t o n i c  stress CI produce stresses on t h e  s u r f a c e  of t h e  z 1 
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Figure 9 .  E l l ip t i c  Crack Subjected to Triaxial Stresses .  
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e l l i p t i c a l  c r a c k  which are n e g l i g i b l e  compared t o  t hose  produced by t h e  

i n t e r n a l  p r e s s u r e  p and t h e  t e c t o n i c  stress u For t h i s  case (a 2 1 2  ’0 > u  2’ 

t h e  stress i n t e n s i t y  f a c t o r s  a t  po in t  A on t h e  s u r f a c e  of t h e  e l l i p t i c a l  

c r ack  are given by 

w h e r e 4  is measured from t h e  x axis i n  t h e  plane of t h e  c rack .  

More d e t a i l e d  expressions f o r  an e l l i p t i c a l  c r a c k  i n c l i n e d  t o  a t h r e e  

dimensional stress f i e l d  are given i n  Appendix A.  I n v e s t i g a t i o n s  of stresses 

a t  t h e  s u r f a c e  of a f l a t  e l l i p s o i d  and f r a c t u r e  c r i t e r i o n  i n  t h r e e  dimensions 

have been conducted by Mirandy and Paul  ( 4 8 , 4 9 ) .  

It can be noted from equat ion (13) ,  t h a t  k is maximum a t  t h e  i n t e r -  1 

s e c t i o n  of t h e  c rack  boundary wi th  t h e  minor a x i s  b. Crack extension w i l l  

t h e r e f o r e  occur a t  8 = 1r/2 and t h e  e f f e c t  of t h e  increased p r e s s u r e  Pwould 

be t o  produce a c i r c u l a r  c r ack  ( k  = 2 ( m ) z  ). However, v a r i o u s  con- 1 

s i d e r a t i o n s  such a s  l a y e r e d  media, n a t u r a l  f a u l t s ,  and f l u i d  f low e f f e c t s  
71 

tend t o  keep t h e  v e r t i c a l  c r a c k  propagat ion i n  t h e  o i l  bear ing formation. 

For a / b > 5 ,  t hen  t h e  s o l u t i o n  f o r  k approaches t h e  p l ane  s t r a i n  s o l u t i o n  1 

f o r  a through c r a c k  wi th  l e n g t h  2b, i . e . ,  kl = u 6  as a+a. 

Tahle  I compares t h e  v a l u e s  of t h e  c r i t i c a l  p r e s s u r e s  f o r  c i r c u l a r ,  

e l l i p t i c a l ,  and l i n e  (f3=0) c racks .  
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Table  I 
Comparison of Cr i t ica l  P r e s s u r e s  

- a2)  p s i  Crack ( ' c r i t i c a l  Dimension 
2D l i n e  3D penny 3D e l l i p t i c a l  c r a c k  

b inches  c r a c k  c rack  a=b a=& a=3b a=5b a-lob 

5 

1 5  

2 5  

55 

75 

1 2  5 

225 

425 

625 

825 

1000 

504 

291 

226 

152 

130 

101  

75 

55 

45 

39 

36 

792 

457 

354 

239 

205 

158 

118 

86 

7 1  

61  

56 

610 

353 

273 

184 

158 

1 2 2  

91  

66 

55 

48 

43 

562 

324 

251 

169 

14 5 

1 1 2  

8 1  

61 

50 

44 

40 

530 

306 

237 

160 

1 3  7 

106 

79 

57 

47 

4 1  

38 

513 

296 

229 

15.5 

1 3  2 

103 

76 

56 

46 

40 

36 

2.2 FINITE ELEMENT MODELING RESULTS 

The i d e a l i z e d  t w o  and t h r e e  dimensional models are ana lyzed  by t h e  

T r i a n g u l a r  and r e c t a n g u l a r  e lements  are NASTRAN computer program (50).  

used i n  t h e  two dimensional a n a l y s i s ,  whereas hexahedra l  and polyhedra 

w i t h  s u b t e t r a h e d r a l  (wedge) shapes  are used i n  t h e  t h r e e  dimensional 

modeling. 

s t i f f n e s s  mat r ix .  Two s e p a r a t e  and d i s t i n c t  model fo rmula t ions  are  

used f o r  t h e  c r a c k  t i p  and f a r f i e l d  a n a l y s i s .  

The d i r e c t  s t i f f n e s s  method i s  used i n  fo rmula t ing  t h e  

For t h e  c r a c k  t i p  a n a l y s e s ,  
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t h e  displacement c o m p a t i b i l i t y  form of boundary condi t ions  i s  chosen. 

stress c o m p a t i b i l i t y  formulat ion i s  used f o r  t h e  f a r  f i e l d  s o l u t i o n s .  

The 

2.2.1 TWO DIMENSIONAL MODELING 

The s e l e c t e d  f i n i t e  element model f o r  t h e  f i e l d  a n a l y s i s  i s  i l l u s t r a t e d  

i n  F igure  10. 

i n c l i n a t i o n s .  

taken i n t o  account. 

superpos i t ion  concepts and e f f e c t s  of boundary condi t ions .  

The same element arrangement i s  chosen f o r  d i f f e r e n t  c rack  

The t e c t o n i c  stresses are s p e c i f i e d  with t h e  c rack  o r i e n t a t i o n  

Four stress loading cases  are considered t o  compare 

These cases are: 

( i )  Case I: P l a t e  subjected t o  t e c t o n i c  stress u only.  1 

( i i )  Case 11: P l a t e  subjected t o  t e c t o n i c  stress a2 only.  

( i i i )  Case 111: P l a t e  subjected t o  i n t e r n a l  pressure  p only.  

( i v )  Case I V :  P l a t e  subjected t o  0 a and p simultaneously.  

Figures  11 through 16 show (T a and ‘I stress contours  f o r  Case 111 
max ’ min ’ max 

with f3=0 and 4 5 O .  

1 7  through 22. 

1’ 2 

Corresponding p l o t s  f o r  Case I V  are revealed i n  F igures  

Figure 23 i l l u s t r a t e s  t h e  conf igura t ion  of t h e  chosen c r a c k  t i p  model. 

The four  cases presented above a r e  analyzed. 

with c rack  t i p  s o l u t i o n s  are presented i n  Appendix B. Figure 24 g ives  p l o t s  

of t h e  maximum p r i n c i p a l  stress concent ra t ion  f a c t o r  f o r  t h e  two dimensional 

model (Case 111). 

Deta i led  r e s u l t s  and comparisons 

The stress contour p l o t s  are obtained by Wolfe’s p l o t t i n g  r o u t i n e .  

Symmetry i n  stress f i e l d s  (Figures  11 through 2 2 )  i s  n o t  o c c a s i o n a l l y  

apparent  because of t h e  chosen g r i d  system which i s  unsymmetric around t h e  

two crack  t i p s .  
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Figure 10. Two Dimensional F i n i t e  Element Model Configurat ion f o r  
F ie ld  Analysis,  Corresponding Crack Tip Configurat ion i s  
Deta i led  i n  F igure  23 .  
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48 

44 

Figure  11. Maximum Normal Stress Contours f o r  Case S 3 and B = 0 
(p = 852 psi, a = 55 in) 
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F i g u r e  1 2 .  Minimum Normal Stress Contours f o r  Case S 3 and B = 0 
(p = 852 p s i ,  a = 55 i n )  
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Figure  13. Maximum Shear S t r e s s  Contours f o r  Case S j  and B = 0 
( p  = 852 p s i ,  a = 55 i n )  
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F i g u r e  1 4 .  Maximum Normal Stress Contours f o r  Case S 3 and 6 = 45' 
( p  = 625 psi, a = 55  in) 
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-It 

Figure  15. Minimum Normal S t r e s s  Contours f o r  Case S 3 and B = 45’ 
( p  = 625 psi, a = 55 i n )  
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F i g u r e  16 .  Maximum Shear S t r e s s  Contours f o r  Case S 3 and 6 = 45' 
(p = 625 p s i ,  a = 55 i n )  
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Figure 1 7 .  Maximum Normal Stress Contours f o r  Case S and f3 = 0 4 
(p = 852 psi, a = 55 i n )  
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Figure  18. Minimum Normal Stress Contours f o r  Case S4 and 8 = 0 
( p  = 852 p s i ,  a = 55 i n )  
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F i g u r e  19. Maximum Shear Stress Contours for Case S 4 and B = 0 
( p  = 852 p s i ,  a = 55 i n )  
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Figure 20. Maximum Normal Stress Contours for Case S 4 and 6 = 45' 
(p = 852 p s i ,  a = 55 in) 
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Figure 21.' Minimum Normal Stress Contours for Case S and B = 45O 4 
(p = 625 p s i ,  a - 55 in) 



TID 27,649 
West Virginia Univ. 
November 1975 

36 

Figure 22. Maximum Shear Stress Contours for Case S 4  and B = 45' 
( p  = 625 psi, a = 55 in) 
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Figure 23. Two Dimensional Crack Tip Element Configuration Corresponding 
to Figure 10. 
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2.2.2 THREE DIMENSIONAL MODELING 

Figure  25 i l l u s t r a t e s  an  o c t a n t  of t h e  s e l e c t e d  t h r e e  dimensional 

model w i t h  a c i r c u l a r  c rack  which is t r i a n g u l a t e d .  

c r ack  i n  t h e  overburden d i r e c t i o n  can be sca led  by a l i n e a r  t ransformat ion  

t o  y i e l d  a n  e l l i p t i c a l  c r o s s  s e c t i o n  c rack .  

model i nc ludes  

The diameter  of t h e  

The output  from t h e  NASTRAN 

(i) Six  stresses and s t r a i n s  

(ii) Three t r a n s l a t i o n a l  j o i n t  displacements  

and 

(iii) Octahedral shear  stresses 

A po la r  p l o t  of t h e  oc t ahedra l  shear  stress concen t r a t ions  f a c t o r s ,  f o r  a 

v e r t i c a l  c i r c u l a r  c r ack ,  is  shown i n  F igure  26. 

stress e f f e c t s  are no t  included i n  t h i s  p l o t .  

The t e c t o n i c  and overburden 

S t r e s s  contour p l o t s  i n  any p l ane  f o r  t h e  e l l i p t i c a l  c rack  can be 

s i m i l a r l y  obtained.  

e l l i p t i c  c r ack  model ag rees  w e l l  a t  v a r i o u s  l o c a t i o n s  on t h e  s u r f a c e  of 

a t h e  e l l i p s e  wi th  va lues  from equat ion 1 3  f o r  - = 2 (p re s su r i zed  c rack ) .  b 

The e f f e c t  of t e c t o n i c  stresses on t h e  model are q u a l i t a t i v e l y  similar 

The stress i n t e n s i t y  f a c t o r  kl f o r  t h e  t r i a n g u l a t e d  

t o  those  f o r  t h e  two dimensional case. 
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Figure 25. Three Dimensional F i n i t e  Element Model with Triangulated 
C i rcu la r  Crack. 
Scaled t o  Yield E l l i p t i c  Crack. 

C i rcu la r  Crack Dimensions can be Linear ly  
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2.3 EXACT THEORY AND FINITE ELFNENT COMPARISONS 

C l a s s i c a l  e l a s t i c i t y  theory s o l u t i o n s ,  a p p l i c a b l e  f o r  hydrau l i c  

f r a c t u r i n g  ope ra t ions ,  have been given by Shuck and Advani ( 4 ) .  Figure  

27  compares t h e s e  s o l u t i o n s  along t h e  s i g n i f i c a n t  stress a x i s  [primary 

d i r e c t i o n  of induced p res su re )  with two and t h r e e  dimensional f i n i t e  

element r e s u l t s .  The in f luence  of t e c t o n i c  and overburden stresses i s  

ignored i n  t h e s e  s o l  u t ions.  

Supe rpos i t i on  of bas i c  stress s i t u a t i o n s  such a s  i n t e r n a l  p r e s s u r e  

and t e c t o n i c  stresses can be  e a s i l y  accomplished. The supe rpos i t i on  

concepts  a r e  demonstrated i n  Figures  28. 

De ta i l ed  comparisons of two dimensional f i n i t e  element c r a c k  t i p  

r e s u l t s  f o r  c a s e  111 ( i n t e r n a l  p re s su re  on ly )  and c a s e  I V  ( i n t e r n a l  

p r e s s u r e  and t e c t o n i c  s t r e s s e s )  w i t h  corresponding c l a s s i c a l  theory 

v a l u e s  are given i n  Appendix B (B=O, 45 ' ) .  

stress v a l u e s  are obtained from t h e  equat ions 

The c l a s s i c a l  t heo ry  p r i n c i p l e  

and 
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I I I I I 

0 - 2D f i n i t e  e lemen t  m o d e l  
A El l i pso ida l  load  on e l l i p t i c a l  a rea  

(30) ( 9 1 )  
FEET 

( 1 2 2 )  ( 1 5 2 )  METERS 

PERPENDICULAR DISTANCE FROM 
FRACTURE PLANE AT WELLBORE 

F I G U R E  27.COMF'ARISON O F  oYy FROM F . E . M .  AM) THEORY OF ELASTICITY 
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Figure  28. Superposit ion Concepts Rela t ion  t o  I n t e r n a l  Pressure and 
Tectonic Stresses. 
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The x and y coordinate  axes  i n  equation (14) are p a r a l l e l  and perpendicular 

t o  t h e  crack a x i s  r e spec t ive ly .  

The p r i n c i p a l  stress values  are compared i n  Appendix B s i n c e  t h e  stresses 

a 
The crack t i p  region i s  defined by r<- 20 . 

computed by use of NASTRAN are i n  terms of l o c a l  element coordinates .  

Tables I1 and 111 compare crack t i p  stresses along the crack a x i s  

from the  2-D f i n i t e  element and exact a n a l y t i c a l  models (Equation 15)  f o r  

case I11 ( i n t e r n a l  p r e s s u r e  only) .  

Table I1 
Comparison of 2-D FEM and Exact Analyt ical  Resu l t s  

f o r  p = 852 p s i  (Case S3) 
B = 00 

U 0 U 0 (ANAL) 

0 ( F W  min 

min 

u (FEM) FEM (ps i )  Analyt ical  ( p s i )  max 

r l a  max m i n  max m i n  max (ANAL) 

0.0088 5326.3 4642.1 6502.8 5431.7 0.819 0.856 

0.0124 4494.4 3886.1 5474.9 4479.7 0.820 0.867 

0.0171 3802.1 3258.6 4643.1 3700.9 0.818 0 .  a80 

0.0230 3218.9 2741.9 3992.5 3085.5 0.806 

0.0290 2813.1 2384.7 3547.3 2660.9 0.793 

0.888 

0.896 

0.0361 2469.5 2083.0 3174.9 2303.3 0.777 0.904 

0.0466 2112.5 1770.0 2789.3 1930.4 0.757 0.916 
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Table 111 

f o r  p = 625 p s i  (Case 111) 
Comparison of  2-D FEM and Exact Analyt ical  Resu l t s  

8 = 450 
_ .  

5 (FEM) CJ (FEM) FEM ( p s i )  Analyt ical  (psi) max min 
P-. - 

5 0 5 0 5 (ANAL) amin (ANAL) r la  max min - max min m a x  

0.0088 3907.1 3412.6 4770.6 3984.8 0.819 0.856 

0.0124 3297.0 2850.8 4016.5 3286.4 0.820 0.867 

0.0171 2789.1 2390.4 3406.3 2715 .1  0.818 0.880 

0.0230 2361.2 2011.3 2928.9 2263.6 0.806 0.888 

0.0290 2063.6 1749.3 2602.4 1952.1 0.793 0.896 

0.0361 1811.5 1528.0 2329.2 1689.8 0.777 0.904 

0.0466 1549.7 1298.3 2046.2 1416.2 0.757 0.916 
. .- 

Good c o r r e l a t i o n  between the  f i n i t e  element and exact a n a l y t i c a l  r e s u l t s  

is observed. The r a t i o  of t h e  stress i n t e n s i t y  f a c t o r s  (mode I) i . e . ,  

kl(FEM)/kl(ANAL) f o r  t he  computed stresses is r e l a t i v e l y  constant  and 

f a l l s  in t he  range between 0.80 to  0.90. This small discrepancy can be 

a t t r i b u t e d  t o  t h e  p l a t e  F(a/b) f a c t o r ,  i . e . ,  t h e  f a c t o r  influenced by 

t h e  p l a t e  o v e r a l l  dimension along t h e  crack d i r e c t i o n .  

The stress i n t e n s i t y  f a c t o r s  f o r  t h e  pressurized e l l i p t i c a l  crack 

using t he  exact so lu t ion  and f i n i t e  element model show good c o r r e l a t i o n .  

For example, t h e  exact crack t i p  s o l u t i o n  f o r  t h e  uZ stress is 

with 
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The f i n i t e  element va lues  of k obtained from t h e  computed o stresses 

a t  - = 0.04, are compared wi th  corresponding va lues  from equation (15b) 

i n  Table 4 f o r  d i f f e r e n t  va lues  of Q with  i)- -- 2 (b = 55"). The va lue  of 

0 (wedge angle)  f o r  t h e  c rack  t i p  elements v a r i e s  from 1 5  

1' z 
r 
a 

a 

0 t o  30°. 

Table I V  
Comparison of 3-D FEM and Exact Ana ly t i ca l  Values of kl i n  terms 

of I n t e r n a l  P res su re  p wi th  = 2.  a 

9 4.5O 14.3' 26.6' 44.50 72.4O 
~ ~ 

k Analy t i ca l  4 . 3 5 ~  4 . 5 1 ~  4 . 8 7 ~  5.43p 6. Olp 1 

kl FEM 4 . 5 0 ~  4.53; 4 . 6 5 ~  4 . 7 8 ~  4.79p 
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3.0 EXPERIMENTAL RESULTS 

The experimental port ion of t h i s  work d e a l t  pr imari ly  with s t r a i n  gage, 

c r ack  propagation, and acous t i c  emission inves t iga t ions  on p l a t e  samples 

with a simulated crack (Figure 29). 

conducted by indicated t h a t  t h e  coat ings used were two i n s e n s i t i v e  

f o r  low f i e l d  s t r a i n  l eve l s .  For geometric stress d i s t r i b u t i o n  purposes 

only, a sheet  of CR-39 with a pressurized crack was analyzed using c l a s s i c a l  

p h o t o e l a s t i c i t y .  

t h e  CR-39 sheet  a t  600 p s i .  

Preliminary pho toe la s t i c  experiments 

Figure 30 i l l u s t r a t e s  t h e  isochromatics experienced by 

Experiments on s t r a i n  gaged Berea sandstone p l a t e  samples with in- 

t e r n a l l y  pressurized cracks were conducted t o  determine the  r e s u l t i n g  s t r a i n  

d i s t r i b u t i o n s .  

from plane stress experiments on two samples .  

propagation c h a r a c t e r i s t i c s  were simultaneously monitored. 

of t h e s e  laboratory tests w a s  t o  ob ta in  q u a l i t a t i v e  c o r r e l a t i o n s  on stress 

d i s t r i b u t i o n s ,  crack extensions,  and t o  provide a d d i t i o n a l  information on 

t h e  onset of acous t i c  emission a c t i v i t y  as i t  r e l a t e d  t o  hydraul ic  f r a c t u r i n g  

f i e l d  experiments. 

high frequency bottom hole  pressure decreases  which are believed t o  corre-  

spond to dynamic f r a c t u r e  extensions.  These f r a c t u r e  extensions appear t o  

grow i n  d i s c r e t e  s t e p s .  Measurement of t h e  acous t i c  s igna tu res  of t hese  

events  along with crack propagation v e l o c i t y  and s t r a i n  d i s t r i b u t i o n s  is 

t h e r e f o r e  important f o r  demonstrating the  d i s c r e t e  va lue  of f r a c t u r e  

extensions.  

emission r e s u l t s  . 

Figure 31 r evea l s  t he  computed stresses and o r i e n t a t i o n s  

Acoustic emission and crack 

The purpose 

Experiments conducted by MERC have indicated sharp,  

The following subsect ions d e t a i l  t h e  s t r a i n  gage and acous t i c  

*J. Heavner, "S t r e s s  Analysis of o i l  Bearing Sandstone," MSME Thesis ,  West 
Virginia  Universi ty  , 19 7 5. 
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-Acoustic isolation links 

Epoxy joint 

Acoustic isolation links 
1,2,3,4 3 element 120" Rosette 

strain gages 

5,6 T Rosette strain gages 
Load 

Front view 

and 
fillet 

Load 
Side view 

FIGURE 29. Stress Distribution, Acoustic Emission, and Crack 
Initiation and Propagation Test Apparatus 
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SPECIMEN 2. 

O ' h l  
= 100 PSI 

Figure 31. Principal Stress Magnitudes and Orientations for Crack 
with Internal Pressure p = 800 p s i .  
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3.1 STRAIN GAGE RESULTS 

Extensive strain-gage da ta  on Berea Sandstone samples were obtained 

t o  determine material and s t r u c t u r a l  p r o p e r t i e s ,  v e r i f y  material  l i n e a r i t y 1  

non-l inear i ty ,  and compare computed model stresses with corresponding 

experimental values .  

Material property determination tests on Berea sandstone c y l i n d r i c a l  

specimens (314" diameter, 1" long) yielded an average Young's modulus 

E = 1.56 x 10 p s i  and Poisson's Ratio v = 0.22 i n  both tension and 6 

compression. Linear s t r e s s - s t r a i n  curves w e r e  obtained with t e n s i l e  and 

compressive specimens f r a c t u r i n g  a t  327 p s i  and 6428 p s i  r e spec t ive ly .  

Two types of plane stress experiments were performed t o  ob ta in  t h e  

s t r u c t u r a l  response of p l a t e  samples with simulated cracks.  The f i r s t  

type of experiment consis ted of a square p l a t e  with a sl i t  subjected t o  

uniform t e n s i l e  edge loading, as i l l u s t r a t e d  i n  Figure 29. 

of t y p i c a l  s t r a i n  measurements are a l s o  shown i n  t h i s  f i gu re .  This experi- 

ment provided base l i n e  da t a  f o r  comparison with known s o l u t i o n s  of a crack 

i n  a uniform t e n s i l e  f i e l d  and a l s o  served t o  demonstrate superposi t ion 

concepts. The f a r  f i e l d  s t r a i n  gage d a t a  (gage 6)  yielded t h e  elastic 

modulus i n  tension and Poisson's r a t i o  f o r  Berea sandstone. The second 

The loca t ions  

experiment w a s  designed t o  more c lose ly  d u p l i c a t e  r e s e r v o i r  hydraul ic  

f r a c t u r e  conditions.  The boundary condi t ions conformed t o  t h e  model of an 

i n t e r n a l l y  pressurized,  l i n e a r  crack,  i n  an " i n f i n i t e "  f o r c e  p l a t e .  A s  i n  

t h e  f i r s t  experiment, a l l  v a r i a b l e s  such as load (or pressure)  and s t r a i n s  

were sampled simultaneously a t  a high scan rate while q u a s i - s t a t i c a l l y  

loading (or pressurizing)  t h e  p l a t e .  
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Table I V  compares experimental d a t a  f o r  a pressurized crack with 

corresponding f i n i t e  element model resu l t s .  The crack length f o r  t h i s  

test  is  1 in .  and t h e  gage loca t ions  are i l l u s t r a t e d  i n  Figure 32. 

Frac tu re  extension occurred a t  an i n t e r n a l  pressure of 2000 p s i .  The 

c r i t i c a l  pressure f o r  a 3 inch i n t e r n a l  crack i n  corresponding t e s t s  

w a s  approximately 900 p s i .  

Table I V  
Experimental and F i n i t e  Element Model Comparisons 

Crack 
I n t e r n a l  Distance from Experiment F i n i t e  Element Model 
Pressure Crack T i p  and 

~ 

p s i  Gage Ang 1 e max min max min 
p s i  p s i  

0 (7 0 

1200 A 0.16",  Oo 879 399 731  4 9 1  
1600  A 0.16" ,  Oo 2282 7 93 97 5 655 

1200  B 1.0", 00 81  -8.3 126  67 
1600  B 1.0", 00 156  27 167 90  

1200  C 1 .34" ,  22. So 44 -7 59 4 
1600  C 1 .34" ,  22.50 8 6  -19 7 9  5 

1200 D 0.91" ,  45O 165 -50 1 9 1  -77 
1600 D 0.91", 450 257 -115 255 -102 

1200  E 1.28", 67.5O 49 -86 119  -63 
1600 E 1 . 2 8 " ,  67.5O 7 6  -1.36 158 -84 

Reasonable c o r r e l a t i o n  between a n a l y t i c a l  and experimental r e s u l t s  is  seen above 

with non-l inear i ty  evident i n  the  experimental r e s u l t s .  The correspondence 

between a n a l y t i c a l  and experimental r e s u l t s ,  i n  general ,  is not good s i n c e  

Berea sandstone is an an i so t rop ic ,  inhomogeneous, l a r g e  g r a i n  s i zed ,  porous 

material. Opening and c losu re  of micro cracks under stress mades t h e  

s t r u c t u r a l  p rope r t i e s  non-linear. Microfracturing manifests  i t se l f  a t  
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higher  stresses as open pores  c rush  and c racks  grow ( i n  p lanes  p a r a l l e l  

t o  t h e  maximum compression). I n  a d d i t i o n ,  s t r a i n  gage experimental  

t echniques  may not  be a c c u r a t e  s i n c e  a gage t y p i c a l l y  envelopes about  

8 t o  15 g r a i n s .  

3 . 2  ACOUSTIC EMISSION RESULTS 

Seve ra l  a c o u s t i c  emission s t u d i e s  have been r epor t ed  i n  l i t e r a t u r e  

t o  l o c a t e  f r a c t u r e s  and o r i e n t a t i o n s  and t o  provide  informat ion  on f a i l u r e  

h i s t o r y .  A summary of t h e s e  techniques  can be found i n  Dunegan and 

Harris (51), and K n i l l ,  F rank l in  and Malone ( 5 2 ) .  

Simultaneous a c o u s t i c  emission (AE) , c r a c k  propagat ion and s t r a i n  

gage d a t a  is  d isp layed  i n  F igu res  33 and 3 4 .  Figure  34 is a t i m e  

expanded v e r s i o n  of t h e  d a t a  i n  F igu re  3 3 .  The a c o u s t i c  emission senso r s  

were u s u a l l y  mounted c l o s e  t o  the  fou r  c o r n e r s  of t h e  p l a t e .  Traces 

number 8 i n  F igu re  3 3  and 7 i n  F igure  3 4  are t h e  time codes used i n  

c o r r e l a t i n g  events  recorded on d i f f e r e n t  14  t r a c k  FM magnetic t a p e  re- 

co rde r s .  Trace  1 i n  F igure  33 is a s t r a i n  gage p l o t  l oca t ed  a t  a p o i n t  

0.91 i n .  from t h e  c rack  t i p  a t  an i n c l i n a t i o n  of 4 5 O  (Gage D i n  F igu re  3 2 ) .  

Trace number 2 i n  F igu re  33 i l l u s t r a t e s  t h e  d i s c r e t e  ex tens ions  of one 

s i d e  of a h y d r a u l i c a l l y  induced f r a c t u r e  as measured by a 20 element x 

0.40 i n .  long c rack  propagat ion gage. The l a r g e  f r a c t u r e  ex tens ion  

ind ica t ed  by a c o u s t i c  emission channels  3 through 7 on t h e  r i g h t  s i d e  of 

F igure  33 were n o t  i nd ica t ed  by t h e  c rack  propagat ion gage because t h e  

f r a c t u r e  had a l r e a d y  passed by it. Other a c o u s t i c  emissions shown i n  

traces 3 through 7 (F igure  3 3 )  r e s u l t e d  from f r a c t u r e  ex tens ions  from 

t h e  o t h e r  ha l f  of t h e  c r a c k  which w a s  monitored by ano the r  c rack  propagat ion 

gage. 
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Dynamic stress r e d i s t r i b u t i o n ,  t y p i c a l l y  occur r ing  i n  f i e l d  f r a c t u r i n g  

processes ,  is i l l u s t r a t e d  by t h e  s t r a i n  gage s i g n a l  i n  F igu re  33. 

s t r a i n  h i s t o r y  corresponds t o  t h e  l a r g e  t r a n s i e n t s  from t h e  propagat ing  

f r a c t u r e .  The a c o u s t i c  emission from t h e  propagat ion f r a c t u r e s  i n  t h e  

p l a t e  has  f r equenc ie s  i n  t h e  10K Hz range.  It is be l i eved  t h a t  due t o  

t h e  d i f f e r e n t  sources  of a c o u s t i c  emission a s soc ia t ed  wi th  r e s e r v o i r  

s c a l e  f r a c t u r i n g ,  lower f requency components are genera ted  than those  

i l l u s t r a t e d  i n  F igu res  33 and 3 4 .  Otherwise, a t t e n u a t i o n  would be 

excess ive  f o r  monitor ing t h e  a c o u s t i c  emission over  t h e  r equ i r ed  d i s -  

t ances  a s s o c i a t e d  wi th  f i e l d  ope ra t ions .  

The 
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The two and t h r e e  dimensional  s t r u c t u r a l  models s e r v e  as p r e d i c t i v e  

t o o l s  f o r  i n v e s t i g a t i n g  c r i t i c a l  p r e s s u r e s  i n  terms of i n  s i t u  stresses, 

rock  mechanical p r o p e r t i e s ,  c r ack  geometry, and i n c l i n a t i o n .  I n  par t ic-  

u l a r ,  t h e  models s imula t e  t h e  q u a s i - s t a t i c  stresses r e s u l t i n g  from t h e  

hydraul ic  f r a c t u r i n g  process  and provide i n t e r p r e t i v e  and q u a n t i t a t i v e  

informat ion  on t h e  fol lowing:  

( i )  f r a c t u r e  i n i t i a t i o n ,  ex tens ion ,  and o r i e n t a t i o n ,  

( i i )  e f f e c t s  of l a y e r i n g  and o t h e r  v a r i a b l e s  on f r a c t u r e  pro- 
pagat i on  and c rack  geometry ¶ 

( i i i )  d i r e c t i o n a l  c o n t r o l  of f r a c t u r e ,  

and 
( i v )  l abora to ry  and f i e l d  experimental  c o r r e l a t i o n s .  

4 . 1  FRACTURE INITIATION,  EXTENSION, AND ORIENTATION 

The cond i t ion  f o r  f r a c t u r e  i n i t i a t i o n  around a w e l l  bore  is  (12) 

where a is  r e l a t e d  t o  rock  p e r m e a b i l i t i e s  and o 

t h e  medium. 

i s  t h e  t e n s i l e  s t r e n g t h  of 
t 

For t h e  problem s e l e c t e d  here ,  w i t h  f l u i d  f low e f f e c t s  ignored ,  w e  

have 

= 0 + 900 p s i  ’cr i t ical  t 

The c r i t i c a l  p re s su res  f o r  c r ack  ex tens ion  as a f u n c t i o n  of c rack  l e n g t h  

and o r i e n t a t i o n  are g iven  i n  F igure  7 w i th  a comparison of v a l u e s  i n  Table  1 

f o r  P O .  Clea r ly ,  t h e  penny shaped c r a c k  c o n f i g u r a t i o n  is  t h e  optimum shape 

and would r e s u l t  f o r  a homogeneous and i s o t r o p i c  medium. 

The p r e f e r r e d  f r a c t u r e  o r i e n t a t i o n s  f o r  d i f f e r e n t  c r ack  i n c l i n a t i o n s  

(F igure  8 )  emphasize t h e  d i r e c t i o n a l  s t a b i l i t y  ( o r  i n s t a b i l i t y )  of pro- 

paga t ing  c racks  wi th  i n  s i t u  stresses p resen t .  Crack propagat ion o r i e n t a t i o n s  
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i n i t i a l l y  inc l ined  t o  t h e  w e l l  bore  tend t o  change d i r e c t i o n  and even tua l ly  

a l i g n  themselves a long  t h e  major t e c t o n i c  stress a x i s .  

f low rate  ranges  and material a n i s o t r o p i c s  and inhomogenei t ies ,  t h e  occurence 

of  branched c racks  is f e a s i b l e  depending on t h e  energy rate. 

t e x t ,  Kobyashi (53)  has  presented  dynamic p h o t o e l a s t i c  d a t a  on crack branch- 

ing and c rack  arrest i n  edge cracked t ens ion  p l a t e s .  H i s  r e s u l t s  show t h a t  

t h e  average  s t a t i c  s t r a i n  energy release rate appear  t o  be about f i v e  t i m e s  

l a r g e r  t han  t h e  average dynamic s t r a i n  energy rate,  thus  caus ing  t h e  c rack  

t o  branch and double  t h e  s t r a i n  energy d i s s i p a t e d  a t  t h e  now two c rack  t i p s .  

In  pract ical  s i t u a t i o n s ,  t h e  dynamic s t r a i n  energy i s  es t imated  from t h e  

t o t a l  s t a t i c  energy r e l eased .  

For c e r t a i n  f l u i d  

I n  t h i s  con- 

4 .2  EFFECTS OF LAYERING AND OTHER VARIABLES 

The c rack  t i p  and f i e l d  stresses, obta ined  from t h e  model, do no t  appear  

t o  be apprec i ab ly  a l t e r e d  by t h e  mul t i - layered  geometry i f  t h e  c rack  con- 

f i g u r a t i o n  is e n t i r e l y  confined i n  one l a y e r .  The i n f l u e n c e  of t h e  ad jacen t  

l a y e r  on t h e  c rack  t i p  stresses becomes s i g n i f i c a n t  i f  t h e  c rack  advances 

t o  t h e  i n t e r f a c e  between l a y e r s  wi th  d i f f e r e n t  material p r o p e r t i e s .  

f r a c t u r e s  w i l l  be  l i m i t e d  by t h e  ove r ly ing  formation ( say  s h a l e )  by two 

p r i n c i p a l  cons ide ra t ions .  

t h e  r e l a t i v e  p e r m e a b i l i t i e s  and/or  p o r o s i t i e s  can con ta in  t h e  f r a c t u r e  i n  

one l a y e r .  

f i n i t e  element model by spec i fy ing  d i f f e r e n t  S 

with  a s u i t a b l e  f l u i d  p r e s s u r e  p r o f i l e  (computed from Darcy type  r e l a t i o n s ) .  

Add i t iona l ly ,  t h e  in f luence  of medium inhomogenei t ies  and a n i s o t r o p i c s  (such 

as te rmina t ion  of sandstones,  j o i n t s ,  n a t u r a l  f a u l t s ,  e t c . )  can be s imula ted .  

Vertical 

F i r s t l y ,  t h e  r e l a t i v e  va lues  of Sc and secondly 

These f a c t o r s  can be incorpora ted  i n  t h e  layered  t h r e e  dimensional  

(or K ) a c r o s s  t h e  l a y e r s  
C C 

The cons ide ra t ion  of t h e  e f f e c t s  of l a y e r i n g  is  paramount t o  t h e  d e t e r -  

mina t ion  of f r a c t u r e d  volume s i n c e  it is  a product  of f r a c t u r e  he igh t  (minor 
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a x i s ) ,  f r a c t u r e  l e n g t h  (major a x i s ) ,  and c rack  width. The f r a c t u r e  he igh t  

can be p red ic t ed  from t h e  t h r e e  dimensional  f i n i t e  element model by spec i fy ing  

material p r o p e r t i e s  f o r  t h e  l a y e r s  (from g e o l o g i c a l  d a t a ) .  F r a c t u r e  l e n g t h s ,  

however, are d i f f i c u l t  t o  estimate bu t  can be determined exper imenta l ly  

(seismic techniques)  o r  i n d i r e c t l y  from t h e  f l u i d  f low volume. The c rack  

th i ckness  is  o b t a i n a b l e  from t h e o r e t i c a l  c o n s i d e r a t i o n s  us ing  complex 

v a r i a b l e s  o r  p o t e n t i a l  func t ion  methods. For example, Haimison and F a i r h u r s t  

(12) have obta ined  t h e  maximum f r a c t u r e  wid th  (W ) i n  terms of t h e  minor 

t e c t o n i c  stress (a ) and f l u i d  p re s su re .  They o b t a i n  

max 

2 

6 For a 2  = -700 p s i ,  p = 1000 p s i ,  CL = 0.8, E = 4.25 x 10 , V = 0.22, and 

a = 2000 i n . ,  w e  have 

= 0.254 i n .  'max 

4.3 DIRECTIONAL CONTROL OF FRACTURES 

S ince  f r a c t u r e  i n i t i a t i o n  and ex tens ion  is a s t a b i l i t y  problem, t h e  

in s t an taneous  c r a c k  d i r e c t i o n  depends on t h e  p r e v a i l i n g  stress c o n d i t i o n s  

and material p r o p e r t i e s .  The c rack  growth d i r e c t i o n  can be  c o n t r o l l e d  by 

s u i t a b l e  supe rpos i t i on  of stress f i e l d s .  F igu re  35 i l l u s t r a t e s  such a 

p o s s i b l e  s i t u a t i o n  wherein t h e  stresses induced by t h e  p re s su r i zed  c o n t r o l  

w e l l  i n f luence  t h e  w e l l  t o  be f r a c t u r e d .  For t h i s  case, a n e t  stress 

exceeding o (-1200 p s i )  is necessary  t o  cause  t h e  f r a c t u r e  t o  l i n k  up 

wi th  t h e  c o n t r o l  w e l l  shown. 

dimensional  model r e s u l t s  r e q u i r e  t h e  p r e s s u r e  i n  t h e  c o n t r o l  w e l l  t o  be 

a t  least g r e a t e r  than 1600 p s i  t o  a l ter  t h e  c rack  d i r e c t i o n .  

1 

With 2& = 800, d2 = 300 f t . 9  d = 0 ,  t h e  two 1 
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4.4 LABORATORY AND FIELD EXPERIMENTAL CORRELATIONS 

Laboratory and f i e l d  experimental c o r r e l a t i o n s  a r e  necessary f o r  

v e r i f i c a t i o n  of the t h e o r e t i c a l  models and giverning f r a c t u r e  mechanisms. 

Analyt ical  approaches, though hindered by d e f i n i t i o n s  of s t a t i s t i c a l  

inhomogen i t i e s ,  an i so t rop ie s ,  and i n e l a s t i c i t y  of t h e  medium, se rve  as 

gross  s t r u c t u r a l  p r e d i c t o r s ,  f o r  f i e l d  f r a c t u r i n g  operat ions.  The 

a n a l y t i c a l  models a t  t he  micro and macro l e v e l  can, i n  gene ra l ,  be suc- 

c e s s f u l l y  va l ida t ed  by laboratory experiments which examine l o c a l  

phenomena such as stresses, s t r a i n s ,  s t r a i n  r a t e s ,  crack propagation 

v e l o c i t i e s ,  e t c .  For example, experiments and analyses  have demonstrated 

t h a t  crack growth ceases  t o  be s t a b l e  when t h e  energy release rate reaches 

a c r i t i c a l  va lue  (mater ia l  property) .  When crack growth becomes uns t ab le ,  

dynamic e l a s t i c i t y  considerat ions are required.  For the  case  of specimens 

subjected t o  f ixed end displacements, however, i t  has been demonstrated 

t h a t  dynamic s t r e s s  d i s t r i b u t i o n s  almost coincide with corresponding 

s t a t i c  values.  Techniques such as s t r a i n  gaging, pho toe la s t i c  coat ings,  

acous t i c  emission, and moire are p a r t i c u l a r l y  s u i t e d  f o r  con t ro l l ed  

t e s t i n g  of rock samples.  I n  t h i s  context ,  Daniel and Rowlands ( 5 4 )  have 

r e c e n t l y  inves t iga t ed  f r a c t u r e  and wave propagation c h a r a c t e r i s t i c s  i n  

rock media. The measured crack propagation v e l o c i t i e s  i n  marble and 

g r a n i t e  plates  (30,000 t o  50,000 in / sec )  a r e  considerably below t h e  

l i m i t i n g  t h e o r e t i c a l  values.  

f o r  t h e  Berea sandstone samples  t e s t e d  here.  

Re la t ive ly  low va lues  were a l s o  obtained 

The acous t i c  emission c h a r a c t e r i s t i c s  coupled with t h e  s t r a i n  l e v e l s  

provide bas i c  weight on f r a c t u r e  i n i t i a t i o n  thresholds .  Addit ional ly ,  

mapping of t he  f r a c t u r e  configurat ion can be achieved. 
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5.0 CONCLUSIONS AND RECOMMENDATIONS 

The r epor t ed  a n a l y t i c a l  and experimental  i n v e s t i g a t i o n s  d e s c r i b e  t h e  

stress p a t t e r n s ,  f r a c t u r e  i n i t i a t i o n  t h r e s h o l d s ,  and f r a c t u r e  i n c l i n a t i o n s  

a long  wi th  t h e  governing in f luence  of mechanical p r o p e r t i e s ,  c r ack  geometry 

and p r i m i t i v e  stresses. The s t u d i e s  provide  fundamental in format ion  on t h e  

p r e d i c t i o n ,  c o n t r o l ,  and op t imiza t ion  of hydrau l i c  f r a c t u r e  wi th in  t h e  

framework of rock  mechanics. The c l a s s i c a l  and f i n i t e  element two and 

t h r e e  dimensional  s o l u t i o n s  wi th  t h e  homogeneous e l a s t i c ,  i s o t r o p i c  

medium assumptions,  serve as i n i t i a l  benchmarks f o r  s imula t ion  of t h e  

a c t u a l  f i e l d  ope ra t ions .  Ref  inanent  of f i n i t e  element c rack  t i p s  a long  

wi th  inco rpora t ion  of d e t a i l e d  _ -  i n  s i t u  p r o p e r t i e s  ( a n i s o t r o p i e s ,  j o i n t s ,  

l a y e r s ,  e t c . )  i n  t h e  model w i l l  make i t  an  a c c u r a t e  p r e d i c t i v e  t o o l .  

Add i t iona l  work should be undertaken i n  t h e  fo l lowing  areas: 

Coupling of f r a c t u r e  mechanics and f l u i d  mechanics models. 

Study of micromechanics of g ranu la r  material such as couple  
stress, compression-tension d i f f e r e n c e s ,  material non- l inea r i ty  , 
and dynamic p r o p e r t i e s .  

Dynamic f r a c t u r e  f i n i t e  e lementlf  i n i t e  d i f f e r e n c e  modeling 
wi th  a p p l i c a t i o n s  t o  exp los ive  f r a c t u r i n g .  

Comparative dynamic f r a c t u r e  and wave propagat ion  experiments  
on sands tone  and s h a l e  specimens wi th  s p e c i a l  emphasis on 
c rack  branching and c rack  arrests. 

Linking of m u l t i p l e  c racks  and u t i l i z a t i o n  of d i r e c t i o n a l  
c o n t r o l  techniques .  

and 

( v i )  i n v e s t i g a t i o n  of a c o u s t i c  emission from an i n t e r n a l  propagat ing  
f r a c t u r e  i n  a t h r e e  dimensional  layered  medium. 
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The stress i n t e n s i t y  f a c t o r s ,  f o r  t h e  inc l ined  c rack  i n  Figure A-1, 

obtained from superpos i t ion  of t h e  a x i a l  and shear loading  a r e  ( 4 7 1 .  

where 

C1 = (k 2 - V )  E(k) + v k '  2 K(k) 

= (k 2 + vk' 2 ) E(k) - v k' 2 K(k) 
c2 

k 2 = 1 - k '  2, k '  = b/a 

E(k),  K(k) are complete e l l i p t i c  func t ions  of t h e  f i r s t  and second kind 

r e spec t ive ly  . 
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Figure A-1. E l l ipt ic  Crack Subjected to Arbitrarily Inclined 
Shear and Axial Loading. 
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APPENDIX B 

P r i n c i p a l  normal and shear stress va lues  i n  the  v i c i n i t y  of t h e  crack 

t i p ,  computed from the  exact two dimensional theory and f i n i t e  element 

model, are presented i n  t h e  following t ab le s .  

a = 55 i n .  are presented, namely: 

Resu l t s  from two cases with 

( i )  i n t e r n a l  pressure only (S ) 
3 

(p = 852 p s i ,  6 = 0; p = 625 p s i ,  B = 45') 

( i i )  i n t e r n a l  pressure and t ec ton ic  stresses (S4) 

(p = 852, B = 0; p = 625 p s i ,  B = 45'; ul =-1200 p s i ,  u 2 -0700 p s i )  

The t a b l e  designat ions are as follows: 

R - d i s t a n c e  from crack t i p  i n  inches 

TH - angle  measured from crack a x i s  

SMAx - maximum p r i n c i p a l  stress ( p s i )  

SMIN - minimum p r i n c i p a l  stress ( p s i )  

TMAX - maximum shear stress ( p s i )  

Good c o r r e l a t i o n s  between exact theory and f i n i t e  element model r e s u l t s  

are observed. 
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